Abstract: Many types and sizes of cranes are used to lift and move heavy materials in construction sites. The technology used in cranes has improved dramatically in the past decades in a way that this technology has, in many ways, outstripped the ability of people to use the machines safely. This misusage makes crane's accidents one of the more severe and highly visible construction accidents. Heavy reliance must be placed on the factors affecting crane safety that may differ with its impact and severity from one project to another. The presented research in this paper establishes a methodology for assessing and evaluating crane safety in construction site by introducing a crane safety index (CSI) model using two different decision-making methodologies: Analytic Hierarchy process (AHP) and Fuzzy Logic. The goal of the developed model is to help planners improve crane operation and meet safety requirements. In order to achieve this goal, a survey was conducted aiming at assessing the factors that affect crane operation. The CSI was designed and applied to the collected data to obtain a safety index value. The presented research is vital for planners (contractors) because it gives them a fast, accurate, and advanced tool for obtaining a CSI. The index indicates the performance of crane safety operation in construction sites, allowing for a chance to spot and encompass the factors causing hazardous circumstances, and the possibility to enhance the crane safety plan.
INTRODUCTION
In construction sites, crane operation is a complicated task that depends greatly on skilled operators considering all the likely involved variables and factors affecting its safety. Safety is the opposite feeling or sense of the surrounding danger(s). It is, therefore, important to eliminate the sources of insecurity to crane users. A well designed environment is one of the key factors that contribute to users' sense of security. Safety is considered to be the most critical issue in the success of any crane operation. Crane accidents involve tragic deaths of innocent people and destruction of property. A crane as one of the most utilized equipment in construction sites can be dangerous. Statistics show that there are main hazards that occur during normal working circumstances. Most injuries and deaths from crane accidents can be attributed to several basic hazards. (McCann 2003) identified 339 deaths between 1992-1999: 42% from boom-supported lifts; 26% from suspended scaffolds; 19% from scissor lifts; 5% from crane platforms; and 7% from unapproved lifts (e.g., forklift platforms). The main causes of death included falls (36%), collapse/ tip-over (29%), and electrocutions (21%). Overhead electric power lines presented a serious electrocution hazard to personnel in a variety of construction activities. A study estimated that, in 1993 alone, at least 26 electrocutions in the industry were a result of heavy equipment contacting overhead lines. Mobile cranes (including boom trucks) were involved in most of these incidents (57%). It should be noted that this summary likely understated the extent of the problem due to reporting and data collection methods as well as the omission of accidents resulting in nonfatal injuries.
Crane operation might not be a very complicated task to perform but it could lead to very hazardous and dangerous task. Risk and unforeseen accidents were inherent in every crane operation in construction projects. The number of accidents has decreased only after the implementation of strict operation regulations and by dramatically improving cranes' operation.
In literature, only few research works, during the last two decades, have dealt with related aspects of con-*Corresponding author. Email: zayed@encs.concordia.ca struction crane operation, resulting in lack of information in crane safety issues and shortage of clear, systematic methodologies to assist crane safety planners during planning phase (Sacks et al. 1998 ).
STUDY OBJECTIVES
The main objective of this research is to establish a methodology for assessing and evaluating crane safety in construction sites by introducing a crane safety index (CSI). The developed model help planners improve crane operation and meet safety requirements. This research work covers mobile and fixed (tower) cranes. The other types of overhead and indoor cranes are beyond the scope of this work as they deal with different factors affecting their operation and safety aspects. The sub-objectives of the presented research in this paper are:
1. Identify, study, and classify the factors that affect crane safety in construction sites. 2. Develop a model that assesses crane safety based upon the identified factors.
LITERATURE REVIEW
One of the basic requirements of any crane safety operation involved selecting the machine that would be convenient to the work requirements. If the basic characteristics of a crane did not match job's requirements, then, unsafe conditions were created before any work was done. The responsibility of equipment selection involved getting units that would not only get the job done as quickly and economically as possible, but also units that eliminated all possible hazard to site personnel, public, and property (Dickie 1975) . To assist practitioners in selecting and utilizing cranes, a number of computer applications were developed (Hornaday et al. 1993; Dharwadkar et al. 1994; Lin and Haas 1996; Al-Hussein 1999; Zhang et al. 1999) . Some of these applications used integer programming and optimization techniques (Lin and Haas 1996) or threedimensional graphics and simulations (Hornaday et al. 1993; Dharwadkar et al. 1994 ) in order to select the optimal crane type for the required work. Other research works were developed to select cranes and optimize its location utilizing knowledge-based expert systems (AlHussein 1999; Zhang et al. 1999) . Al-Hussein et al. (2001) developed an optimization algorithm for selecting and locating mobile cranes on construction sites, providing practitioners with accurate and instant evaluation tool for assessing lift configurations retrieved from the crane's database. Several research works studied the prevention of overturning with a focus on the dynamic forces caused by the action of wind and structural vibration of the crane itself. Zaretsky and Shapiro (1997) introduced a simplified dynamic analysis method that was simulated using an equivalent linear system. Beliveau et al. (1993) mentioned the necessity of damping out payload oscillations during crane operation and also proposed a control system comprising a yoke around the load hoist cable so that the increase in tipping moment could be prevented. An intelligent monitoring system that prevented deviation from safe loading conditions was developed by Bernold et al. (1997) . With the advent of micro-processing electronics, load-measuring systems have been developed to warn the operator when the rated capacity was approached and sense the actual load, boom angle, and length (Davis and Sutton 2003) . Parallel to this development in equipment hardware, the development in simulation software was making it possible to train crane operators using virtual reality and to visualize the results of construction simulation (Kamat and Martinez 2001) . Rajagopalan (1988) described a case history that referred to foundation design in the setting up of mobile cranes on a sloped site. The bearing capacity of ground required to ensure the stability of mobile cranes has not been standardized by geotechnical research. Tamate et al. (2005) examined instability in mobile cranes caused as a result of ground penetration by the outriggers. Theoretical, experimental, and numerical analyses were carried out in order to clarify the effect of outrigger ground penetration on overturning. Golafshani (1999) also investigated the application of optimal trajectories for tower cranes to improve the performance of their operations.
Fuzzy logic systems attempted to model the human reasoning process through a fuzzy set. The reasoning process of fuzzy set has been captured through fuzzy logic system in many areas of construction industry, such as building design selection, resource allocation, and CAD design control. Hanna and Lotfallah (1999) used a fuzzy logic approach to select the suitable crane type in construction projects. Al-Kaabi (2006) described the application of fuzzy logic to safety evaluation in dealing with uncertainties of construction site. The fuzzy logic if-then rules were constructed to evaluate the components of the firm's safety plan. The average function of fuzzy logic was used to evaluate the weighted values of the different components of the safety plan, and the firm's overall evaluation result was given as a ranking index that correspond to the firm's safety plan availability. Duane et al. (2004) described a model for safety formulated in terms of enabling causes, triggering causes, and safety Procedures or Devices (PODs). The model represented safety of a constructed facility throughout its life cycle. The fault tree method formed the basis for analysis of safety. Using this method, safety PODs were modeled as gates that prevent accidents; or if an accident occurs, PODs change the path of the accident failure chain. The analysis of a crane accident illustrates the action of PODs both in reducing accident possibilities and in mitigating damages in the event that an accident occurs.
By analyzing the previous research done in crane safety, the following limitations were found:
1. The research works were focusing on two approaches; (1) enhance the operation of a crane as an individual piece of equipment and (2) deal with safety issues in construction site. However, there was no extensive research works dealt with crane safety with respect to all the factors affecting its operation in construction sites. 2. There was no developed, systematic method to assess the safe operation of cranes. 3. There was a lack of a crane safety tool that could assist contractors and planners in improving their crane safety plan at construction sites.
RESEARCH METHODOLOGY
In order to achieve the objectives of the research work presented in this paper and encompass the abovementioned limitations, the following steps were followed:
1. Review Literature: An intensive review of literature in the area of crane safety was carried out and presented in the previous section covering all major disciplines that are necessary to evaluate crane safety plan in construction sites. 2. Conduct a survey aiming to assess the factors affecting safely crane operation by addressing crane operators, trainers, and construction managers in Canada and the USA. 3. Develop a crane safety model by processing data obtained from the survey results and applying decision making techniques, such as Analytic Hierarchy Process (AHP) and Fuzzy logic methods.
The concluded remarks from literature suggested the need for a safety tool that could assist contractors and government in improving construction safety. Therefore, this study helps to design a CSI model that is capable of addressing the needs of construction contractors and managers in establishing and evaluating a safety program. In the United States, the Occupational Safety and Health Administration (OSHA) aims to eliminate serious injuries, illness, and deaths in the workplace by providing training and educational tools that supply advice and help to workers comply with their standards. The CSI makes use of the body of knowledge assembled and maintained by OSHA on construction safety as well as other sources of knowledge on construction site safety. It also enables the construction firm to identify construction site hazards affecting cranes, methods of controlling these hazards, and ways to subsequently update and modify the crane's safety program.
CRANE SAFETY FACTORS
The manager or planner, who is responsible for crane safety planning, needs to encompass and list all factors that may have an impact on crane safety. There are several factors that could affect crane safety and should be taken care of while in the planning phase. According to the nature of safety factors, they can be summarized as showed in Table 1 . They are categorized into three main categories: site conditions (SC), crane configuration (CC), and management conditions (MC). The SC includes several factors, which might include ground conditions, height (head) conditions of the crane and the building, temperature, wind speed, etc. The CC includes all the main features of the crane that affects its safe operation, such as rigging failure, jib orientation, rotation speed, overloading, etc. The MC includes load weight, crane location, load path, operator skills, etc. The presented research in this paper tries to consider all the factors presented in Table 1 in order to determine the CSI. Due to data scarcity, the factors that are considered in this research work are listed in Table 2 . 
Analytic Hierarchy Process Method
With this decision-making methodology the expert need to build several pair-wise comparison matrices: one among the main factors (i.e. SC, CC, and MC) and one for each of their sub-factors. The general equation of CSI is shown in Eq.
(1) as follows:
where CSI j = CSI for project j; n = Number of factors included in the CSI equation; SS i = Safety score for factor i; and W i = Weight of factor i. The weight (W i ) reflects factor's importance relative to the other factors irrespective of any particular project. The safety score (SS i ) reflects the value of the performance level of safety factor as it exists for a specific project. The value of W i is a fixed part of the CSI j formula and does not change with the project type because it represents the relative importance of each factor to the others. Consequently, project type does not affect this relative importance because it is a generic weight (not project-specific). For example, if height is not a critical obstacle in the project, then, the value of SS i equals to zero. However, the W i has a value relative to the other factors irrespective to project characteristics. Then, for this factor, the value of CSI j = SS i × W i = zero × value = zero.
Safety Factors Score (SS i )
To determine the one-dimensional safety factor score SS i , it is necessary to evaluate the performance (quality) of the ith safety factor for a given project and then, to use a value function SS i to transform it into an equivalent safety score. This transformation requires two steps. Since the safety factors are qualitative in nature, the first step is to assess how well a given project performs with respect to a given safety factor i using a meaningful qualitative scale as shown in Figure 1 . This is essentially a "safety factor measurement" step in which the outcome is project-specific. The second step is to transform this qualitative performance into a one-dimensional safety (or value) score (from 0 to 10). This is a "preference measurement" procedure where the outcome depends on the preference and judgment of the person doing the analysis.
Weight Factors (W i )
The next step is to obtain the relative weights (W i ) for each included factor in the CSI model. The total summation of factors' weight should be equal to 1. These weights are determined based on the opinion of crane experts. The AHP method is used to determine the value of relative weights. The AHP is an easy mature technique that attempts to simulate human decision process (Saaty 1991) . It allows decision-makers to incorporate both qualitative and quantitative considerations of human thought and intuition. Several steps are required to model a problem using AHP method as follows (Saaty 1982; Saaty 1991; Zayed and Halpin 2004 ):
1. A set of factors that contribute to problem solving should be identified. Then, these identified factors will be categorized within a hierarchy of various levels. In the crane safety problem, the factors are listed in Table 2 . 2. Thus, the relative weights of these factors are obtained using pair-wise comparison matrices. These matrices are collected from crane experts, which grasp their opinion regarding the abovementioned factors (Table 2) . Using mathematical processes (Eigen value and vector determination), factors' weights can be determined. Each factor weight represents the relative importance of this factor among the others. 3. In order to consider the resulted weights from a pair-wise comparison matrix, the logical consistency of weights has to be verified based on the matrix consistency ratio (C.R.). If the C.R. is more than 10%, then the results are inconsistent. Hence, the assigned priority values should be modified until the C.R. value is verified. The C.R. value can be determined using Eqs. (2) 
where CI = the matrix consistency index; m = matrix size; λ max = the maximum Eigenvalue; and RI = random index (it has a value related to the matrix size (Saaty 1982) ).
Fuzzy Logic Method
To develop a fuzzy crane safety index (FCSI), each of the three crane safety categories must be determined and evaluated. Each category/sub-category has a degree of significance (referred to as weight in the FCSI) in its contribution to the safety of a crane. For example, SC is a very important category in the crane safety model, but it might not be as important as the CC. At the same time "Boom Disassembly" could be a very significant factor of the CC category, but not as significant as "Rigging failure" for example. Therefore, to evaluate the FCSI performance, every factor should be evaluated in relation to its degree of significance (weight) and the degree of availability (score) in order to reach the total crane safety model performance. The degree of availability (score) is determined by selecting a number between 0 and 1. Each number corresponds to an isosceles triangle with a base of width 0.20, which represents a linguistic term of the availability function (score). For example, if an evaluator chooses 0.70 as the availability level (score) when evaluating the operator skills factor, part of the MC category, the interval corresponding to that input is [0.60, 0.80], which in turn corresponds to the linguistic value available. The weight is calculated as a proportional value for a factor in relation to the other factors under the same category. This weight value is a number between 0 and 1, which should be translated to an isosceles triangle with a base of approximate width of 0.2. It should be noted that this model can be extended to several subfactors. Table 3 shows an example of the notations for a single factor of the CC category. Each row of the table is considered as an element of the Jib Configuration, which is considered a factor of CC category. Therefore, the crane safety model has three main categories, each of which has multiple factors that in turn may have a number of elements. The objective of this representation is to combine the different safety program components. The overall performance of FCSI is found using Eq. (4):
where, FCSI j = FCSI performance for project j,Ŝ i = fuzzy score of a particular factor i, andŴ i = fuzzy weight of a particular factor i. Eq. (4), which is normally referred to as the fuzzy average function, is an aggregation function in which different components are combined to produce a final single result.
DATA COLLECTION
In order to develop a model for crane safety and obtain a representative result, data were collected from experts using a questionnaire. Crane operators, trainers, and construction managers from Canada and the USA were contacted. More than 150 experts were contacted where only eight complete responses were finally received from eight different projects. All responses were analyzed, which showed that the experts had different experiences with crane operation and crane safety issues (i.e. two engineers/consultants and six managers). The evaluation was carried out to ensure that the crane safety plan met the safety codes and fulfilled the needs of construction projects. It was also done to ensure that the crane safety plan was well defined and communicated to help planners effectively assess their crane operation and develop safety plan(s). The value/degree of factors performance was determined using a scale which had a value from 0 to 1, as shown in Figure 1 .
The questionnaire consisted of two main parts to be filled. In the first part, the expert is asked to evaluate the safety factors based upon the above mentioned scale (Figure 1 ) using a specific project. The second part is a generic evaluation of these factors using the same scale in which the expert is asked to do a pairwise comparison among factors. The expert knowledge and experience linguistically evaluate the importance or significance of every safety factor to the overall safety performance.
CRANE SAFETY INDEX MODEL IMPLEMENTATION

Analytic Hierarchy Process Model Implementation
Determining Safety Factors Score (SS i )
The score of the three main categories and their factors are assessed using a scale from 0 to 10. High score indicates that this factor is more hazardous and vice versa. Figure 2 (a, b & c) shows the scores of the main three categories, i.e. SC, CC, and MC. It is noted that MC have relatively higher scores than the other two categories, i.e. SC and CC. This may indicate that the MC is considered to be the most hazardous category among the three major categories and has the most effective impact on crane safety with an average score of 7.5 out of 10 as compared to 6.5 and 7.0 for SC and CC, respectively.
In addition, Figure 3 (a, b & c) shows the scores of factors in each main category ranging from 0 to 10 for the eight projects. Observing the histogram of SC factors' scores (Figure 3(a) ), it is noted that the Power Line Contact (PL) factor is assessed as the highest score among the factors for SC category. It resembles a very hazardous factor if power line(s) exist(s) adjacent to the construction area or it has no impact if there are no power lines in the construction area. The Wind Speed (WS) might be considered a significant factor that affects crane safety. Temperature (TM) and Building Height (BH) are equally assessed in most of the projects. In Figure 3(b) , the Rigging Failure (RF) has almost the highest score among the rest of factors under CC criterion, followed by the Overloading (OL) and Two-blocking (TB) factors. In general, all factors have a serious and hazardous impact on crane safety and should be well planned and managed to be under control. Figure 3(c) shows the assessment of MC factors' scores. It can be seen that the Weight of Load (WL), Crane Location (CL) and Operator Skills (OS) factors achieve the highest scores in which they usually score 10 out of 10. The Obstruction of Vision (OV) factor has less impact on crane safety. Table 4 shows the average score values for the various factors in the three main categories. It also shows that CL has the highest score (8.4 out of 10); however, TM has the lowest score (4.3 out of 10). 
Determining Factors Weight (W i )
The abovementioned steps of applying the AHP method are carried out in order to generate the factors' weights. Pair-wise comparison matrices are analyzed and the C.R. for each matrix is calculated (Eq. (3) ). The C.R. values for the collected matrices are less than 0.1, which means they are consistent matrices and the generated weights using these matrices are justifiable and valid. Table 4 shows the average values of these weights that result from the AHP method application. It is noted that PL has the highest weight (0.149) and BH has the lowest weight of 0.525. 
Determining the CSI Value Using the AHP Method
There are two approaches used in order to calculate the CSI value, Eq. (1), using AHP method. The first approach is to calculate the average scores and weights of each factor, then multiply the score by weight and add this multiplication to calculate the CSI value as shown in Table 4 . The second approach is to calculate the index for every project and then, calculate the average of the CSI value for each project as shown in Table 5 . Using the first approach, scores (S i ) of each project are collected and the average is calculated and embedded into Table 4 . Similarly, the weights (W i ) of the pair-wise comparison matrices are calculated for each project and then, the average is calculated for the eight projects as shown in Table 4 . Finally, the numbers in the last column of Table 4 are calculated by multiplying the average score by the average weight values for Using the second approach, instead of averaging the scores and weights of factors, then, multiplying them to calculate the CSI value, each project is treated as a complete set. In other words, the scores (S i ) are collected from the reviewers and the weights (W i ) are calculated using the pair-wise comparison matrices for the same reviewer (response). Then, the CSI value using Eq. (1) is calculated for each project as shown in Table 5 . After calculating the CSI values for each project, the average CSI value is calculated for the eight projects. It is noted from Table 5 that project 3 (i.e. response 3) has the highest CSI value (0.868 out of 1) and project 5 (i.e. response 5) has the lowest value (0.366 out of 1). It is also concluded that the average CSI value for the eight projects is 0.615 out of 1. This value is almost similar to the first approach.
Fuzzy Crane Safety Index Model Implementation
The abovementioned methodology steps for the FCSI development are implemented on the collected information from the eight projects as shown in Tables 6, 7 and 8. Table 6 shows how the methodology steps are implemented to the factors of CC category of project 1. The performance (P) of each factor is the multiplication of its score (S i ) by the weight (W i ). Then, the model performance of each category would be the total performance of all included factors in that category divided by factors' total weight. The result should be represented as a fuzzy value with a base of approximately 0.2-interval. Eq. (4) is carried out to evaluate the factors in each category, then, to evaluate all the considered categories. It should be noted that the evaluator has to go through a set of questions in order to reach the final result as listed in Table 3 where this process is performed repeatedly for every factor under the various categories. The next step is to calculate the total CC performance using Eq. (4) as shown in Table 6. The remaining two main categories of the safety model are evaluated following similar procedure. Table 7 illustrates the FCSI value for the performance of the three components SC, CC, and MC. The FCSI value is calculated by dividing the total performance of all categories by the total weight. After the calculation is completed, the result is a numerical interval that corresponds to the performance of the total FCSI. The numerical interval is easily converted into a linguistic term by drawing its corresponding isosceles triangle. The numerical interval [0.70, 0.90] for the FCSI is drawn on the scale in Figure 1 . The results correspond to a performance between moderately effective and extremely effective. The overall result is given as Figure 1 . This means that project one is risky for crane operation. Similar procedure is implemented on the other projects to generate the results shown in Table 8 . The final outcome is the average value of FCSI = 0.625.
AHP VS. FUZZY LOGIC METHODS
To evaluate the crane's safety plan, each of the three safety categories should be completely evaluated. The AHP and fuzzy logic models are utilized to show the contribution of each factor (i.e. its significance) to the safety plan. Therefore, to evaluate the crane's safety plan performance, every factor is evaluated in relation to its degree of significance in order to reach the total safety plan performance. By processing the collected data, using the AHP and Fuzzy models, a CSI is obtained for each of the collected responses. The resulted CSI, based on the AHP method, has the value of 0.615, which is almost similar to FCSI = 0.625 based on fuzzy method. This reflects a sound and precise model outputs. The developed indexes are numbers ranking from 0 to 1 where small ranking index indicates a better performance than a larger index because it shows a better overall safety plan. The large numbers indicate more hazardous circumstances encompassing the crane safety operation and management in a specific project.
CONCLUSION
The perception of crane safety in construction site is difficult to evaluate and control without considering and encompassing most of the factors that impact crane's safety. A survey was conducted and distributed to several crane operating managers, trainers, and experts, in different crane companies in North America in order to evaluate the identified crane safety factors. Two models, using the AHP and Fuzzy Logic methods, were developed to determine a CSI. The resulted crane safety index was noticed to be similar using both models, which reflect a sound and precise output. Job type (i.e. engineers/consultants or managers) and evaluator's background has a minimal impact on the resulted output. The presented research is vital for planners (contractors) because it gives them a fast, accurate, and advanced tool for obtaining a crane safety index.
